Introduction {#S1}
============

Lipids are key macronutrients of milk and a major source of calories and essential bioactive molecules required for neonatal growth and development in many mammalian species ([@R47]). Physiological conditions that reduce the quantity or alter the composition of lipids secreted into milk, such as maternal obesity, are linked to impaired lactation outcomes and altered neonatal metabolic function in humans and animal models ([@R67]; [@R54]). In mice, genetic deletion of key proteins regulating the synthesis or secretion of milk lipids have been shown to produce lactation deficiency or failure ([@R66]; [@R7]; [@R48]; [@R4]; [@R56]; [@R46]).

Milk lipids are composed primarily of neutral lipids (98%--99%) in the form of triglycerides, diglycerides, and cholesteryl esters ([@R24]; [@R23]), which are packaged into cytoplasmic lipid droplets within specialized milk-secreting mammary epithelial cells. Unlike serum lipids, which are secreted as soluble lipoprotein particles by vesicle-mediated exocytosis, milk lipids are secreted by a unique apocrine mechanism in which cytoplasmic lipid droplets are secreted intact as membrane-coated structures, referred to as milk fat globules ([@R42]). Evidence is emerging that milk lipid biogenesis and secretion involve specific membrane-and inter-organelle contacts, with novel molecular and structural features.

Lipid Droplet Synthesis in the Mammary Epithelial Cell Begins During Pregnancy {#S2}
==============================================================================

Milk-secreting mammary epithelial cells undergo functional differentiation and the capacity to synthesize milk substances during mid-pregnancy in most species. One of the earliest morphological features of this differentiation process, termed lactogenesis I, is the accumulation of cytoplasmic lipid droplets ([@R55]). These early droplets are synthesized primarily from fatty acids liberated from circulating lipoproteins by lipoprotein lipase located in the vascular bed of the mammary gland or by adipose-derived circulating fatty acids bound to albumin. However, after parturition and the onset of milk secretion, de novo synthesis of medium chain fatty acids by the milk-secreting epithelial cells from glucose occurs and synthesis of triglycerides increases precipitously, accompanying other changes in the gland such as closure of the tight junctions, milk protein and lactose synthesis and secretion, which define lactogenesis II ([@R53]; [@R36]).

The triglycerides that comprise the neutral lipid core of these cytoplasmic lipid droplets are synthesized by resident endoplasmic reticulum (ER) membrane enzymes, which catalyze sequential steps in the fatty acid esterification of glycerol-3-phosphate ([@R28]) or of sn2-monoacylglycerol ([@R14]). Evidence from mouse knockout models has demonstrated the importance of triglyceride synthesis in the development and lipid secretion functions of mammary epithelial cells. Loss of glycerol-3-phosphate acyltransferase-4 (GPAT4), which catalyzes acylation of glycerol-3-phosphate, the first step in triglyceride synthesis, depletes milk-secreting mammary epithelial cells of cytoplasmic lipid droplets. Its loss also impairs mammary epithelium development and inhibits milk lipid secretion ([@R4]; [@R65]). Similarly, loss of acyl-CoA:diacylglycerol acyltransferase 1 (DGAT1), one of two DGAT enzymes that catalyze the final acylation step in TAG synthesis ([@R76]), in milk-secreting mammary epithelial cells impairs their functional differentiation and CLD accumulation, and inhibits milk secretion in mice ([@R7]). Interestingly, the observation that mammary gland expression of DGAT2, a major contributor to TAG synthesis from de novo synthesized fatty acids in many mammalian tissues ([@R76]), does not compensate for the effects of DGAT1 loss on mammary gland functional differentiation and CLD accumulation indicates that the two DGAT enzymes have different physiological functions in milk-secreting mammary epithelial cells ([@R7]).

Lipid Droplets Interact With ER {#S3}
===============================

Cytoplasmic lipid droplets originate from the ER in eukaryotic cells, and connections between these structures are necessary for initial lipid droplet expansion ([@R52]; [@R71]). It is generally thought that cytoplasmic lipid droplets form from specific tubular microdomains of the smooth ER, based on structural considerations and evidence that disrupting the function of proteins responsible for smooth ER structure interferes with lipid droplet formation/expansion ([@R26]; [@R68]). However, unlike other highly lipogenic cells, such as hepatocytes and adrenal cortical cells ([@R3]; [@R59]), milk-secreting epithelial cells are highly enriched in rough ER ([@R22]; [@R72]), which possess the enzymes required for neutral lipid synthesis ([@R2]) and can form extensive connections with lipid droplets ([@R63]; [Figure 1(a)](#F1){ref-type="fig"}).

Evidence that lipid droplets originate from rough ER in milk-secreting epithelial cells, and that they are secreted into milk by a distinct mechanism, was obtained as early as [@R62]. Using radioautography and electron microscopy (EM), these investigators showed that within 1 to 3 minutes after injecting radioactive palmitic or oleic acid into tail veins of lactating mice, labeled esters were first localized over rough ER cisternae in milk-secreting epithelial cells before being incorporated into rough ER-localized lipid droplets and then secreted into milk. Label was not observed in the Golgi or any secretory granules, indicating that unlike lipoproteins, milk lipids are not packaged into vesicles and secreted by an exocytotic mechanism. Subsequent proteomic analyses of membrane-free preparations of lipid droplets from lactating mice by [@R74] identified ER lumenal and membrane proteins, which provided the first biochemical evidence of an ER origin of these structures.

Variable degrees of contact, ranging from discrete contacts at single or multiple sites to more extensive contacts that follow the contour of the lipid droplet surface, exist between lipid droplet and ER membranes ([@R57]). Using electron tomography and high-pressure freezing and freeze substitution approaches that preserve cellular structures in near native states ([@R41]), ER cisternae in milk-secreting epithelial cells from lactating rats have been shown to form unique, concentric, multilayered contacts with lipid droplets, which can cover large areas of the droplet surface ([@R30]; [Figure 1(b)](#F1){ref-type="fig"}). As originally proposed by [@R52] in the *egg cup* model of cytoplasmic lipid droplet expansion, this organization is ideally configured for transferring neutral lipids and proteins from their sites of synthesis on ER membranes to support production and growth of lipid droplets, which may be particularly important during lactation when demand for lipid formation is increased. Ribosomes on these cisternae are located on outer membrane leaflets facing the cytoplasm or on cisternal membranes distal to sites of contact. However, ribosomes are absent from cisternal membranes that contact the lipid droplet surface or other cisternae. Despite their lack of direct contact, sufficient numbers of ribosomes remain associated with the lipid droplet upon secretion that many groups now use this milk fraction to noninvasively sample the milk-secreting cell transcriptome ([@R37]; [@R6]; [@R32]). In addition, the abundance of ribosomal proteins in the proteome of milk fat globules is so great that they are routinely ignored in pathway analyses ([@R20]).

Cytoplasmic lipid droplets are hypothesized to originate by the accumulation of neutral lipids between leaflets of the ER membrane by a *lensing* mechanism ([@R68]). Some of the earliest evidence of this lensing concept was obtained from electron micrographs of milk-secreting epithelial cells in lactating mammary glands ([@R35]; [@R27]; [@R77]), which showed lipids within distended ER membranes that were contiguous with ribosome-studded rough ER. More recently, [@R30] showed via EM tomography in milk-secreting epithelial cells from pregnant rats the presence of nascent lipid droplets within cisternal domains of rough ER, which are continuous with, and have the same density as, the ER lumen ([Figure 1(c)](#F1){ref-type="fig"}). An ER luminal origin of lipid droplets is consistent with data from yeast indicating that neutral lipids accumulate in the ER lumen prior to be incorporated into droplets ([@R11]; [@R12]; [@R45]). It is also supported by proteomic data that show selective enrichment of ER luminal proteins on cytoplasmic lipid droplets isolated from milk-secreting epithelial cells relative to those obtained from hepatocytes ([@R74]). Whether neutral lipid accumulation in the ER lumen ultimately leads to lipid droplet formation and how this transition occurs is not known. However, dynamic remodeling of ER-lipid droplet interacting domains involving fission and fusion of ER membranes ([@R68]) may provide a possible mechanism. Intriguingly, defects in lipid droplet formation in milk-secreting epithelial cells have been linked to abnormalities in ER membrane morphology associated with decreased levels of atlastin-2 ([@R31]), a member of a family of GTPases previously shown to regulate ER fusion and lipid droplet size in *Caenorhabditis elegans* ([@R29]).

Lipid Droplets in Mammary Epithelial Cells Are Coated With PLIN2 {#S4}
================================================================

Lipid droplet--ER interactions are mediated by specific protein interactions ([@R68]). Lipid droplets in milk-secreting epithelial cells are coated by perilipin-2 (PLIN2, also known as adipophilin/ADPH and adipose differentiation-related protein/ADRP) ([@R74]), which is a prominent, constitutively associated lipid droplet coat protein whose actions have been shown to regulate droplet size and to promote neutral lipid accumulation in multiple cell types including milk-secreting epithelial cells during functional differentiation of the mammary gland ([@R34]; [@R55], [@R56]; [@R49]). PLIN2 is detected at sites of contact between lipid droplets and ER membranes ([@R16]; [@R30]), and its depletion has been shown to increase their interaction ([@R51]). At ER and lipid droplet contact sites, PLIN2 is hypothesized to stabilize the forming lipid droplet at the ER membrane, drawing it into the cytoplasm, instead of into the lumen of the ER ([@R52]). PLIN2 is also thought to stabilize lipid droplets by inhibiting lipolysis ([@R34]). Several lipases are known to be associated with the secreted milk fat globule, including bile salt-stimulated lipase (CEL), lipoprotein lipase, and patatin-like phospholipase domain containing 2 (PNPLA2, a.k.a. ATGL; [@R46]). Silencing PNPLA2/ATGL in milk-secreting epithelial cells increases cytoplasmic lipid droplet accumulation and cellular triglyceride levels ([@R33]). In mice, PLIN2 loss is associated with increased PNPLA2/ATGL binding to lipid droplets in milk-secreting epithelial cells, an effect that is reversed by adenoviral expression of GFP-tagged PLIN2 ([@R56]). Although experiments with PLIN2-deficient mice show a major role for PLIN2 in stabilization of lipid droplets, details about mechanisms remain uncertain and compensation by other members of the perilipin family, such as Plin3, is likely ([@R64]; [@R56]; Monks, unpublished). Experiments exploring the role of PLIN2 in lipid droplet growth, stabilization, transport, and secretion in the mammary gland are ongoing.

Lipid Droplets Associate With Other Organelles in Mammary Epithelial Cells {#S5}
==========================================================================

Lipid droplets in milk-secreting epithelial cells also interact with other organelles and cellular structures, including Golgi and mitochondria ([@R63]; [@R30]). Large percentages of lipid droplets in the apical portion of milk-secreting epithelial cells are in contact with Golgi (21%), secretory vesicles (74%), and mitochondria (34%) ([@R63]). [@R5] demonstrated that mitochondria bound to lipid droplets, termed peridroplet mitochondria (PDM) have functional and morphological properties that are distinct from cytoplasmic mitochondria. For example, PDM exhibit increased area contact with the lipid droplet surface and have metabolic properties that increase adenosine triphosphate (ATP) generation and pyruvate oxidation and promote triglyceride synthesis and lipid droplet expansion ([@R5]). Extensive contacts between mitochondria and lipid droplets have also been observed by electron tomography in milk-secreting epithelial cells from lactating rats ([@R30]). Mitochondria that contact lipid droplets can be distant from sites of lipid droplet--ER contact ([@R30]) or sandwiched between the lipid droplet surface and elements of rough ER ([Figure 1(d)](#F1){ref-type="fig"}). Thus, lipid droplet expansion may be facilitated by distinct dynamic interactions with ER and mitochondrial domains that are specialized for integrating ATP production and neutral lipid synthesis.

Lipid Droplets Grow by CIDEA-Mediated Fusion {#S6}
============================================

Although continued interaction of lipid droplets with ER allows direct synthesis to contribute to lipid droplet growth, fusion of lipid droplets in milk-secreting epithelial cells has been directly observed via intravital imaging, both within the cytoplasm and sites where lipid droplets are docked at the apical plasma membrane ([@R38]; [@R40]). Cell death-inducing DFFA-like effector A (CIDEA) is a lipid droplet coat protein that has been identified as a key regulator of droplet fusion and lipid transfer in brown and white adipose ([@R13]; [@R75]; [@R1]). CIDEA is expressed in milk-secreting epithelial cells ([@R69]; [@R46]) and is seen to aggregate at points of contact between lipid droplets in these cells ([@R46]), where it is proposed to form channels that mediate neutral lipid flow from smaller to larger droplets ([@R17]; [@R21]). This concept has been beautifully demonstrated in milk-secreting epithelial cells by intravital imaging ([@R40]), which showed numerous unidirectional fusion events in which small lipid droplets are subsumed into larger ones. The CIDEA appears to remain associated with the fused droplet as large droplets accumulate a CIDEA coat that is not seen on smaller, basally localized lipid droplets (Monks, unpublished). In the absence of CIDEA, lipid droplets in milk-secreting epithelial cells fail to grow larger than 5 μm, suggesting an upper limit for growth mediated solely by lipid synthesis in the absence of this fusion mechanism ([@R69]; [@R40]).

Lipid Droplets Traffic in Apical Direction During Milk Synthesis/Secretion {#S7}
==========================================================================

Directionally, specific lipid droplet movement has been observed to occur in multiple cell types ([@R70]), and several lines of evidence indicate that this movement is mediated by interactions with microtubules ([@R61]; [@R70]; [@R50]). In milk-secreting epithelial cells, the secretion of lipid droplets as milk fat globules requires their transport from their site of synthesis on ER in the basolateral portion of the cell to the apical surface for release. Analysis of fixed specimens by EM showed that the majority of microtubules in milk-secreting epithelial cells of lactating rats are oriented perpendicular to the apical plasma membrane with minus ends directed toward the apically located centriole ([@R15]), suggesting the possible involvement of microtubules for lipid droplet trafficking. Directed movement of lipid droplets in lactating mouse mammary gland was measured via intravital imaging and was shown to be slower than that reported for droplets moving on microtubules in cultured cells ([@R38]). This motility difference may suggest that lipid droplets in milk-secreting epithelial cells hitchhike with other organelles on microtubules ([@R18]). However, the microtubule motor proteins kinesin and dynein were both found in the proteomics data sets of mouse milk fat globules and lipid droplets isolated from milk-secreting epithelial cells of lactating mice ([@R74]; [@R46]). The association of secretory vesicles with lipid droplets has been observed by many labs ([Figure 2(b)](#F2){ref-type="fig"}) and may be the source of these motor proteins. Definitive demonstration of lipid droplet trafficking on specific cytoskeletal elements and motor proteins is, unfortunately, still lacking.

Lipid Droplets Dock at the Apical Plasma Membrane {#S8}
=================================================

As the cytoplasmic lipid droplets come into contact with the apical plasma membrane, docking and progressive membrane envelopment occurs prior to release as milk fat globules by an apocrine mechanism of milk secretion ([Figure 2(a)](#F2){ref-type="fig"}; [@R39]; [@R19]). Ultrastructural analyses revealed that docked lipid droplets are connected to the cytoplasmic face of the apical membrane by a 10- to 20-nm wide hexagonally ordered electron dense layer ([@R39]), and biochemical studies indicate that this material is composed of the cytoplasmic tail of the transmembrane protein butyrophilin (BTN), the cytosolic protein xanthine dehydrogenase/oxidoreductase (XDH/XOR), and the lipid droplet coat protein PLIN2, linked covalently by disulfide bonding ([@R43]; [@R19]). Several protein disulfide isomerases (P4hb, Pdia3, Pdia6, and Pdia4) are found associated with secreted milk fat globules ([@R46]). Although many details remain to be elucidated, direct binding of XDH/XOR to the B30.2 domain located in the cytoplasmic tail of BTN may form the basic structure ([@R25]) and PLIN2, which contains distinct lipid droplet and phospholipid-binding domains ([@R44]; [@R10]), may act as a bridge between the lipid droplet and the membrane ([@R9]). Our laboratory has also shown that CIDEA concentrates in the dock ([Figure 2(c)](#F2){ref-type="fig"}), but it is unknown whether it interacts with BTN, XOR, or PLIN2, or perhaps self-associates, bridging between the apical plasma membrane and lipid droplet like PLIN2. Super-resolution microscopy (15 nm resolution) or cryoEM of the lattice would help with the elucidation of these structures.

Surprisingly, docking at the apical membrane is not absolutely required for milk lipid secretion. In mice in which XDH/XOR was specifically deleted from milk-secreting epithelial cells, lipid droplets fail to dock at the apical membrane, but they still undergo apocrine secretion and lactating dams are able to support their litters through weaning ([@R46]). Similarly in BTN and CIDEA knockout mice, which do exhibit lactation failure, lipid droplets appear to be secreted during the initial phase of lactation, although the process of secretion is impaired ([@R48]; [@R69]). These observations suggest that lipid droplet-membrane docking may be an evolutionary adaptation of the apocrine mechanism to facilitate milk lipid secretion.

Lipid Droplets Are Secreted Into the Milk Surrounded by Membrane {#S9}
================================================================

Using intravital imaging, [@R38] showed that lipid droplets remain within the cytoplasm of milk-secreting epithelial cells in association with the apical plasma membrane until oxytocin-stimulated myoepithelial cell contraction induces their secretion. In the absence of oxytocin stimulation, membrane docked lipid droplets become progressively enveloped by the apical membrane but do not undergo release (Monks, unpublished). However, within 1 minute of exposure to oxytocin, myoepithelial cells rhythmically squeeze the entire alveolus and membrane-docked lipid droplets pinch off into the milk ([@R38]). The mechanism of this release is unclear; however, the milk fat globule that is released is completely surrounded by membrane. It has been noted that the function of the membrane is "stabilization of milk fat in the dispersed form, prevention of flocculation and coalescence of globules, as well as protection against adverse effects of lipases" ([@R60], p. 120). Indeed, secretion of improperly docked droplets in BTN or XOR knockout mice produces structures that seem to have fragile membranes and greater tendency to aggregate, resulting in clogging of milk ducts ([@R48]; [@R46]). Analysis of the complement of proteins associated with the milk fat globule by untargeted proteomics suggests that the origin of the surrounding membrane is likely a combination of apical plasma membrane, ER, and secretory vesicle membrane, with possible contribution by Golgi ([@R74]; [@R8]; [@R73]; [@R20]). The membrane fusion and fission events mediating the apocrine secretion of milk fat globules are, as yet, unknown.

Lipid Droplets Are Degraded in Lysosomes During Mammary Gland Involution {#S10}
========================================================================

Upon weaning of the neonate, the remaining lipid droplets and milk fat globules in the gland must be cleared away. [@R58] have shown that cathepsin-D positive autophagic vacuoles containing LipidTox-stained droplets appear in the gland within 24 hours of removing litters from lactating dams, suggesting that lipid degradation occurs by lysosomal-mediated processes within milk-secreting epithelial cells. These investigators also obtained evidence that fatty acids released during lysosomal-mediated lipolysis of lipid droplets cause leakage of cathepsin D, which triggers apoptosis of milk-secreting epithelial cells during mammary gland involution ([@R58]). It is not clear whether the lipids seen within the lysosomes were cytoplasmic droplets undergoing lipophagy or milk fat globules which had undergone efferocytosis and fusion with lysosomes. Further studies are necessary to resolve this conundrum.

Summary {#S11}
=======

Lipid droplets begin to form in earnest in milk-secreting epithelial cells in mid pregnancy, as small droplets within the ER. PLIN2 associates with these droplets early in their formation and may be necessary for stabilization. Lipid droplets in the milk-secreting epithelial cells may stay closely associated with ER, but cytoskeletal elements may also be involved in their trafficking to the apical part of the cell. Upon contacting the apical plasma membrane, several proteins rearrange and become posttranslationally modified to stabilize a lipid droplet docking complex. In this tethered position, Golgi, mitochondria, and secretory vesicles are often seen in close contact with lipid droplets, although the functional significance of this association is unknown. Final secretion of the lipid droplet from the cell as a milk fat globule is stimulated by contraction of the surrounding myoepithelial cells. The final globule, transported to the neonate, is composed of a neutral lipid core completely surrounded by a membrane bilayer originating from the plasma membrane, with possible contributions of ER and secretory vesicle membranes as well.

Future Directions {#S12}
=================

Nearly, all the mechanisms presented here have been determined by (a) fixed tissue image analysis of the mammary gland, especially electron micrographs, (b) composition analyses of secreted milk fat globules, and (c) cell fractionation of whole mammary gland with some inferred from other eukaryotic systems. Major gaps exist in our knowledge including which cytoskeletal elements and motors are responsible for transport. Is there potential hitchhiking of lipid droplets for directional trafficking within the milk-secreting epithelial cells? What are the molecular details and energetics of dock formation? How does the cell regulate the phospholipid monolayer upon droplet fusion? How does the ultimate release of the final droplet occur, including signaling, membrane engulfment and fission? As so beautifully executed by [@R40], the technology is finally available to use intravital imaging to probe the live, secreting, lactating mammary gland directly, and to begin to answer these questions.
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![Cytoplasmic lipid droplet--organelle interactions. Representative images of cytoplasmic lipid droplet--organelle interactions in secretory mammary epithelial cells from lactating and pregnant rats, and cytoplasmic lipid droplets are labeled here as LD or lipid droplets. (a) Electron micrograph of a milk-secreting epithelial cell in a lactating animal showing cytoplasmic lipid droplets in contact with rough ER membranes. (b) Section of an electron tomogram of milk-secreting epithelial cell from a lactating animal showing a cytoplasmic lipid droplet completely wrapped by an ER cisterna that possesses ribosomes on its cytoplasmic facing membrane (arrowhead). This cisterna forms flattened contacts with two other cisternae (arrows) that also have ribosomes on membrane leaflets facing the cytoplasm. Rough ER cisternae that are nearby but do not contact the lipid droplet are indicated by asterisks. (c and inset) Tomographic slice from a milk-secreting epithelial cell of a day 10 pregnant animal showing lipid accumulation (asterisks) within the lumen of rough ER cisterna. (d) Tomographic slice from a lactating animal showing lipid droplet--mitochondria interactions. A mitochondrion (mito) is shown with a portion of its structure compressed between a lipid droplet and rough ER. Other mitochondria with normal structures are found in close proximity to the lipid droplet. (e) Model of lipid droplet--organelle interactions mediating milk-secreting epithelial cell lipid droplet expansion in lactating animals showing a cytoplasmic lipid droplet wrapped by concentric stacks of ER cisterna. Contact between the lipid droplet surface and inner cisternal membranes is mediated by PLIN2 (diamonds) and is characterized by the presence of neutral lipid synthesis enzymes (blue squiggles). The outer cisternal layer contains ribosomes (red circles) required for generating proteins needed for lipid droplet expansion. Lipid droplet-associated peridroplet mitochondria provide ATP required for lipid droplet expansion. LD = lipid droplet; ER = endoplasmic reticulum.](nihms-1554951-f0001){#F1}

![Cytoplasmic lipid droplet interaction with the apical plasma membrane. (a) Colorized electron micrograph showing a lipid droplet (yellow, asterisk) docked at the apical plasma membrane. Mitochondria are colored purple and casein micelles are colored red. (b) Colorized electron micrograph showing a lipid droplet (asterisk) surrounded by secretory vesicles (orange), and some containing casein micelles (red). (c) Immunofluorescence labeling of proteins in the docking complex that tethers the cytoplasmic lipid droplet to the membrane. BTN, PLIN2, XOR, and CIDEA are shown in green. The membrane is stained with WGA (red), and the nuclei are stained with DAPI (blue). (d) Diagram of the docking complex: BTN is a transmembrane protein (purple), and XDH/XOR is a cytoplasmic protein which binds directly to BTN. CIDEA is a lipid droplet-associated protein that concentrates in the dock, and PLIN2 is a lipid droplet coat protein which becomes covalently cross-linked to BTN and XOR. Stoichiometry was determined by proteomic analysis. WGA = wheat germ agglutinin; CLD = cytoplasmic lipid droplet; XOR = xanthine oxidoreductase; APM = apical plasma membrane.](nihms-1554951-f0002){#F2}
